Abstract-The Soil Moisture Active/Passive (SMAP) microwave radiometer is a fully polarimetric L-band radiometer flown on the SMAP satellite in a 6 AM/6 PM sun-synchronous orbit at 685 km altitude. After the SMAP L1B_TB data product version 3 was released in 2016, the radiometer has been undergoing further calibration and validation with the goal of reducing both the bias in the cold-sky measurements and calibration drift in the global ocean measurements experienced during eclipse seasons in data product version 3. The post-launch calibration algorithm has been upgraded by using new estimates of the reflector emissivity as well as using multiple scenes to calibrate the radiometer internal reference sources and antenna gain simultaneously. In addition, a correction offset is applied to the ocean roughness model for horizontal polarization based on nadir observations. Test and validation results show that the goal is achieved (e.g., biases are removed and the calibration stability achieved for data release version 4 is 0.1 K (rms) over both the global ocean and CS).
I. INTRODUCTION
T HE Soil Moisture Active/Passive (SMAP) mission was launched on January 31, 2015 in a 6 AM/6 PM (descending/ascending) sun-synchronous orbit at 685 km altitude with the objective of measuring soil moisture and free/thaw globally [1] . The SMAP L-band microwave radiometer is a fully polarimetric L-band (1.4 GHz) radiometer operating with a bandwidth of 24 MHz. The radiometer uses a combination of noise diodes and Dicke loads for internal calibration with a design similar to that used by the Jason, SMOS, and Aquarius series radiometers [2] - [4] . The radiometer ground processing algorithm converts raw counts to antenna temperature (TA) and then to the Earth's surface brightness temperature (TB). The algorithm includes advanced radio frequency interference (RFI) detection and mitigation methods applied to flight hardware designed specifically for this purpose to remove corrupted L-band measurements [5] - [7] . These TB values are used with other ancillary data to retrieve soil moisture products on a 40 km global grid. The radiometric uncertainty requirement for the SMAP radiometer is 1.3 K with a calibration drift of less than 0.4 K/month in order to measure soil moisture with a volumetric fraction uncertainty of less than 0.04 m 3 /m 3 [1] . The SMAP radiometer has successfully operated in space since it was fully deployed two months after launch. The radiometer L1B data product version 3 has been released for public science activities. The performance of its first year on orbit is reported in [8] and the post-launch calibration and part of its validation activities are described in [9] . Validation results for version 3 show that SMAP antenna temperature is 2.6 K warmer over CS, and the averaged SMAP TB is 2.6 K colder over land than the averaged SMOS TB (compared at the top of the atmosphere), including the update of the reflector's thermal model. Also, there is calibration drift (downward dip) seen over the global ocean during eclipse seasons [9] . Due to these biases and the calibration drift, the SMAP radiometer is under re-calibration for the next data release (version 4) in 2018.
In the next sections, the upgraded calibration algorithm for the SMAP radiometer L1B and further data products is presented, including the calibration approach for correcting the TA bias due to the synthetic aperture radar (SAR) transmitter power-down and the radiometer internal drift during the first few months. The calibration results are evaluated at both TA and TB levels in Section III. Lastly, the results will be discussed and conclusions will be made for the data product version 4.
II. RADIOMETER CALIBRATION ALGORITHM UPGRADE AND RESULT
The SMAP radiometer calibration includes determining the equivalent noise temperatures of the noise diode and the reference load (T ND and T ref ), correcting the antenna pattern, characterizing the RF front-end loss, correcting the emissivities of the antenna radome (feedhorn aperture cover) and the reflector. Calibration of these parameters directly impacts the gain and offset of the antenna temperature measurements. An algorithm is described below to achieve calibration using external calibration targets.
A. External Calibration Targets
Similar to Aquarius [4] , SMAP primarily uses the global ocean and CS as two external sources to calibrate the calibration parameters and refine the antenna pattern correction (APC) matrix. The global ocean (open water 200 km away from coastlines and excluding sea ice and heavy rain zones, as shown in Fig. 1 ) is used to identify drifts in the calibration, especially for the reflector/radome emissivity calibration.
The SMAP mission performs monthly cold-sky maneuvers to observe CS for calibration similar to those described in [10] . Cold-sky calibration (CSC) maneuvers are normally performed monthly with a 110°pitch angle (the rotation angle around the Y-axis in the SMAP science coordinate system ( Fig. 2(b) )) and an ocean background to minimize the backlobe uncertainty in the predicted antenna temperature. SMAP also performed four special CSC maneuvers at a 180°pitch angle with the backlobe observing a transition from ocean to the Amazon rainforest to provide information for refining the APC matrix. An additional special maneuver was conducted to assess azimuthal variations by pitching the spacecraft at 180°over ocean only in order The direction of the SMAP antenna boresight when the pitch angle is −35.5°and antenna scan angle is 0°. Pitch is defined as a rotation around the Y-axis in the SMAP science coordinate system (+X in direction of heading, +Z pointing toward the Earth surface, and +Y pointing inwards to form a right-handed Cartesian coordinate system). The sign of the pitch angle is negative and the other rotations mentioned (e.g., CSC), but for convenience, signs are omitted except in this figure caption. to maximize azimuthal symmetry of the scene and observation geometry. Fig. 2(a) shows the ground track and pitch angle of the half orbits with CSC maneuvers and the two blue lines over the Pacific Ocean are the ground tracks of CSC at 180°pitch. The pointing directions of the SMAP antenna for the CSC maneuver at 110°and 180°pitch angles are shown in [9] . Fig. 3 shows the galaxy map used by SMAP for calibration. The black line in Fig. 3 is an example of the location of the SMAP antenna boresight during one scan. The portion of the scan not crossing the galactic plane is used for CSC. In addition to the sky pointing maneuvers, another special maneuver was conducted by pitching the spacecraft 35.5°in order to obtain nadir-looking observations of the Earth during the antenna scan. (The orange line over Africa in Fig. 2(a) is the ground track of the half orbit during this scan with nadirlooking.)
B. Calibration Algorithm Upgrades
In SMAP radiometer L1B data product version 3, the reflector emissivity was not recalibrated after the reflector's thermal model had been updated, and the antenna gain and the internal noise diode were calibrated in succession [9] . The reference load was assumed to be ideal and perfectly modeled. In version 4, the reflector emissivity was calibrated first accounting for the updated thermal model, followed by the concurrent calibration of the antenna gain, and the equivalent noise temperatures of the internal noise source and the reference load. The advantage of the concurrent calibration algorithm is the ability to solve the mutual effect among the three calibration parameters. The refinement of the APC matrix using the calibrated antenna gain is described in [9] .
1) Reflector Emissivity (or Loss) Calibration:
In SMAP radiometer L1B data product version 3, the reflector emissivity was reset to its pre-launch value when the reflector's thermal model was updated. Fig. 4 shows the change in the temperature of the mesh center predicted by the two thermal models for one orbit, starting from the Northernmost nadir latitude (0 on the x-axis), going to the Southernmost nadir latitude (∼3000 on the x-axis), and then back to the Northernmost nadir latitude. The blue line is the old modeled temperature of the reflector for June 15, 2015 and the orange line is the newly modeled temperature. The temperature of the reflector after the update has a much larger variation, and when the new temperature is used in version 3, there is calibration drift during the eclipse.
To correct this problem, the emissivities of the SMAP antenna radome and the reflector mesh were re-evaluated using the global ocean target during the eclipse period from May to August 2016. The expected (i.e., modeled) antenna temperature (T A,exp ) over the global ocean is obtained using the Geophysical Model Function (GMF) in [11] . Fig. 5 shows the physical temperature of the three radiometer RF components (Feedhorn, OMT, and the reference load), the temperatures of the reflector and the radome, and daily-averaged differences between the measured and the expected antenna temperatures (δT A = T A − T A,exp ) over the global ocean in the year 2016. Three independent approaches have been used to determine the reflector losses (or emissivity) so that δT A is flat over time and over reflector temperatures.
The first approach sought to minimize the peak-to-peak value of the ocean bias during the eclipse season in 2016 by adjusting the reflector and radome losses. The peak-to-peak value of δT A versus the excess losses of the reflector and radome are shown in Fig. 6 . The star on each of the plots represents the optimal value for the excess reflector and radome losses that are not counted in version 3.
The second approach sought to minimize the slope in the ocean bias relative to the reflector temperature by an adjustment of the reflector emissivity. The third approach sought to minimize the time-varying zonal biases in δT A over ocean through an adjustment of the reflector emissivity. The second and the third approaches do not attempt to determine the radome loss 
TABLE I REFLECTOR EMISSIVITY CALIBRATION RESULTS
Note: The pre-launch values are computed and stored in the radiometer data release version 3. They are from models plus measurements of the materials used by the mesh reflector and the radome.
due to the small value of the radome loss. The results including the pre-launch value are listed in Table I for comparison. All three approaches agree within 0.5% for the reflector loss. The result using the first approach is adopted because it included the radome loss.
2) Concurrent Antenna Gain, Noise Diode, Reference Load Calibration: After the reflector emissivity calibration, the observations over the global ocean and CS, including both 110°a nd 180°pitch maneuvers, are used together for solving three unknowns (the corrections to T ND , T ref , and the antenna gain). The linear relation among the three unknowns is given by (see Appendix)
where C r = C a n t −C r e f C n d
, and C x (x = ant, ref, nd) are radiometer measurements when looking through the antenna and at the calibration sources. δT ND , δT ref , and δ G are the corrections to T ND , T ref , and antenna gain, respectively. L RF is the loss of the SMAP RF front-end and because it depends on temperature, it varies with observations. S is the sensitivity of the antenna temperature to the change in the mainbeam antenna gain and it is obtained by using simulation.
Changing the format, (1) becomes
Equation (2) is evaluated using three different targets (the global ocean, the normal CSC, and the special CSC with land/water transition from ocean to the Amazon rainforest) and multiple observations to these three calibration targets. Thus, (2) becomes
where A is an N × 3 matrix, and B is an N × 1 vector. N (=N ocean + N cs + 1) is the number of the total observations over the three calibration targets. The data used is from August 2015 to April 2016 and only those days on which there was a CSC. The ocean data is the average of all the observations over the global ocean ( Fig. 1 ) while in nominal science mode for the day of the CSC (i.e., excluding the CSC itself). N ocean is the number of those days. N cs is the number of normal CSC observations (averaged over the 6 min of the CS look). In addition, there was one special CSC from August 2015 to April 2016 (hence, the "+1" in N). All of the data used for the calibration are selected to be RFI-free (both ocean and CSC data). Compared to the integration time of up to 6 min for a normal CSC observation, the integration time for a daily-averaged observation over the global ocean is much longer. Therefore, only the data from the days with normal and special CSC are used for calibration and the data from the other days are used for validation. The three corrections can be solved by ⎡
where "t" denotes matrix transpose. A is the N × 3 matrix of measured values [ L RF C r L RF −S ] associated with the observations (i.e., either the global ocean, normal CSC or special CSC). B is the N × 1 vector of the differences, T A in (1), between measured TA and expected (modeled) TA, associated with each observation. The expected antenna temperature T A,exp is given by where Ω 1 is the solid angle of the antenna mainbeam defined as 2.5 times of the 3 dB antenna beamwidth [12] . Ω 2 is the solid angle of the antenna sidelobe intercepted by the Earth's surface during normal science mode. Ω 3 is the solid angle of the antenna backlobe pointing to the CS during normal science mode. The sum of the three solid angles is equal to 4π.
After the antenna gain correction δ G is obtained, the antenna gain pattern within the antenna mainbeam is adjusted by a factor (1 + δ G ). To maintain the antenna's solid angle 4π, the antenna gain pattern within solid angle Ω 3 is scaled by the factor b defined as
It is assumed that there is no change to the antenna gain pattern within solid angle Ω 2 . This is to be consistent with the derivation of the APC transformation matrix for APC. The modification of the APC transformation matrix is described in [9] .
The post-launch calibration can be divided into two phases in time according to the SMAP radar transmitter status (on/off). Phase 1 is the period prior to July 7, 2015. During this time period, the radar transmitter was on in general. It was powered off for 10 days (April 3-13, 2015) for the radar RFI survey and for approximately 20 h in June 2015 for a flight software upgrade. The radiometer was drifting for the first two months in Phase 1 and then stabilized thereafter. Besides drift, there were also biases attributed in part to the standing wave between the reflector and radiometer front end, error in antenna pattern, and the SMAP radar transmitter on/off status (a drop larger than 1 K in the measured TA was observed when the radar transmitter was turn off [9] ). Phase 2 is the period after July 7, 2015 when the SMAP radar transmitter stopped transmitting indefinitely and the radiometer internal temperature was stable.
The calibration for Phase 2 was performed first because the radiometer was stable. The pre-launch antenna pattern and the data from the days with normal and special CSC from August 2015 to April 2016 were used as described above. The corrections to T ND , T ref , and the antenna gain for Phase 2 were solved using (1) with biases, determined in the next sub-section, added into the expected TA of H-polarization. The results are listed in Table II .
The negative sign in δ G means that the antenna gain needs to be reduced from the gain determined prior to launch. Compared to the adjustments in version 3 (+0.0027 and +0.0042 for V-and H-polarization, respectively [9] ), the change in antenna gain reduction for date product version 4 is only 0.23% for V-polarization and 0.46% for H-polarization, which is less than the uncertainty of 1% in the pre-launch antenna pattern [13] . This supports the validity of concurrent approach to calibration.
After the antenna gain was adjusted using the antenna gain correction from Phase 2, the adjusted antenna gain was then applied to data from Phase 1 to solve for the corrections to T ND and T ref simultaneously using (1). The global ocean and the normal CSC were used for this time period in general. The corrections to T ND and T ref are updated daily to compensate for the initial bias and internal drift when the SAR transmitter was on. Since there is no CS maneuver when the SAR transmitter was off in Phase 1, the Amazon was used as the hot calibration target while the global ocean was used as the cold calibration target. The emissivity of the Amazon's surface is assumed to be stable in April 2015. The corrections to T ND and T ref are shown in Fig. 7 . The 'jumps' in the plots are to compensate for the transmitter turning off and the change in the radiometer's ambient temperature in short time.
3) Adjustment of Modeled Antenna Noise Temperature Over Calibration Targets: Checking the calibration over the Amazon rainforest reveals a problem: The measured vertically polarized TB is less than the horizontally polarized TB (TBv < TBh). This suggests a problem with the bias adjustment in the two channels. Two potential sources of error are bias adjustment for the instrument itself and the roughness correction in the GMF used for calibration over the ocean (i.e., dependence on wind) [11] . To gain insight into the polarization dependence of the GMF, the roughness correction used for SMAP GMF is compared with two other model functions: the two-scale analytical model function [14] and the empirical model function developed for Aquarius [15] .
The differences among the three ocean model functions are shown in Fig. 8 . The vertically polarized TBs agree well, and the averaged ocean TB differences are −0.06 K between the twoscale model function and the Aquarius roughness model, and 0.15 K between the two-scale model function and the SMAP GMF. While for horizontally polarized TBs, the distribution of their differences is wider and it shows that the modeled TBs for H-polarization have a relatively larger disagreement. The averaged differences are −0.51 K between the two-scale model function and the Aquarius' empirical model function, and −0.28 K between the two-scale model function and the GMF. The larger disagreement reflects the stronger dependence of H-polarization on roughness and suggests that it is more likely to be in the GMF ocean roughness model of H-polarization if there is an error in bias.
In order to assess the bias in the GMF for H-polarization and the potential that the problem could be in the instrument, a special calibration maneuver was conducted to acquire observations at nadir. An ascending half orbit was chosen to reduce the impact to soil moisture science (the standard algorithm of the SMAP soil moisture uses the descending half orbit). This special orbit includes fixed pitch angle of 35.5°that produces nadir pointing during some portion of the scan (Fig. 2 ) and data were collected over both ocean and land to obtain nadirlooking observations over targets with different brightness temperature. For each target, the TB difference between V-and H-polarizations is expected to be close to zero at nadir. Because the antenna is still scanning, strictly nadir-looking measurements are limited. To obtain more samples, the range of the nadir-looking measurement is extended to ±5°of nadir pointing.
Comparison of V-and H-polarizations at TB level is not convenient because the L1B_TB algorithm used to derive TB from TA is based on the sensor being in normal science mode. Due to this limitation, the comparison is made at the TA level. The measured TA difference between V-and H-polarizations within 5°of nadir pointing using the calibration coefficients for data product version 3 are shown in Fig. 9 (along track differences on the left and the histogram of the differences on the right). There was very little bias (0.02 K) over ocean and only 0.46 K over land, suggesting that the instrument is not the source of the bias and that there may be a problem with the GMF used for calibration over the ocean.
The correction is to add bias to the ocean brightness temperature employed in the simulator [9] to, in effect, adjust the roughness correction for H-polarization over ocean. Specially, the modeled antenna temperature T A,exp,h in (5) is adjusted to minimize ΔT A for the nadir-looking measurements: Subscript 'sim' instead of 'exp' is used here to identify the special case of nadir-looking simulation.
The goal is to make ΔT A zero over both ocean and land at nadir by adding biases into T A,exp,h over external calibration targets. The procedure to achieve this goal is shown in Fig. 10 . With given biases to be added into T A,exp,h over external calibration targets, the three calibration parameters (Tnd, Tref, the antenna gain) are updated using the procedure described in Section II.B.2 above. The antenna pattern is updated with the corrected antenna gain. The difference in polarization of the TAs measured at nadir is recomputed, while the difference in the simulated TAs between the two polarizations is updated with the updated antenna pattern. Then the TA difference, ΔT A , between V-and H-polarizations for the nadir-looking measurements is obtained. If ΔT A is not zero, the bias will be changed. A new iteration of this feedback process will be repeated again until ΔT A becomes zero. During this process, the reflector loss is included in the computation of simulated TAs instead of the measured TAs.
Several iterations may be required to force ΔT A to zero or close to zero. Alternatively, only one iteration is performed here by 1) perturbing the biases to get the changes in ΔT A , and then get the sensitivities of ΔT A to the biases and 2) use these sensitivities and ΔT A with zero bias to retrieve the final biases. For nadir-looking over both ocean and land, the following relation is obtained after getting the sensitivity matrix, J:
ΔT A,land (8) where B CS is the bias added to the simulated antenna temperature of H-polarization due to the uncertainty in the Hpolarization antenna pattern during CSC with pitch angle 110°o r 180°. B ocean is the bias added to the simulated antenna temperature of H-polarization over ocean during normal science mode due to the uncertainty in the H-polarization ocean roughness model. ΔT A,ocean and ΔT A,land are the TA difference between V-and H-polarizations for the nadir-looking over ocean and land, respectively, and they are obtained by using (7). 
III. VALIDATION AND RESULTS
The calibration coefficients using the approach in Section II are validated at two levels: the TA level and the TB level. At the TA level, the radiometer data product is validated by using 1) a CSC 180°pitch maneuver over ocean during eclipse season; 2) the nadir-looking maneuver over both land and ocean; and 3) calibration drift over the two calibration targets (CS and the global ocean). At the TB level, the L1B_TB data product is validated by the change in TB over land compared to version 3 and the indirect inter-comparison between SMAP and SMOS, and then the TB difference between V-and H-polarizations over the Amazon.
A. TA Validation 1) Reflector Emissivity Validation:
The adjusted reflector emissivity values were independently verified via cold-sky observations with the CSC 180°pitch maneuver over ocean on July 16, 2017 . This is a longer maneuver (almost half an orbit) that offers stable scenes in the main lobe (homogeneous CS regions for many of the scan angles) and in the back lobes (ocean) while going through large changes in reflector temperature when flying from the Southern Ocean to the Bering Sea. δ T A over ocean versus reflector temperature is shown in Fig. 11 . The black lines are the filtered value of δT A for the two polarizations for reflector temperature higher than 70°C by using simple linear regression. The flat black lines over reflector temperature indicate that the value for the calibrated reflector loss is reasonable. The orange oval indicates cold reflector temperature observed during the spacecraft eclipse. Within the orange oval, δT A for both polarizations changes almost linearly with temperature, first increasing rapidly and then decreasing almost linearly with increased reflector temperature. This behavior is potentially caused by the unrealistic reflector thermal model during the eclipse period.
2) TA Difference Between V-and H-Polarizations: The final calibration coefficients (Tnd, Tref) and the updated antenna pattern and the biases determined in Section II.B.3 are checked by using (7). The average difference in TA between V-and Hpolarizations for the nadir-looking observations is zero for nadir looks over both ocean and land. This confirms that V-and Hpolarizations in the ocean roughness model have been balanced, and the set of calibration coefficients and the updated antenna pattern obtained in Section II can be used to generate L1B_TB data for further validation.
3) Calibration Drift Over the Global Ocean and CS: Prior to July 07, 2015, daily updated calibration coefficients are used to compensate instrument drift; after this date, the calibration coefficients remain constant. Except for the 9 days of data that have been used for the concurrent calibration of the three parameters, the rest of data for two years of the mission are used to evaluate the performance of the upgraded calibration algorithm.
The results are shown in Fig. 12 . The biases and calibration drift are reduced with the upgraded calibration algorithm. The residual biases in the calibrated antenna temperature is close to zero and the standard deviation is less than 0.1 K (rms) over both the global ocean and CS. The long-term calibration drifts are −0.023 K/year for V-polarization and 0.024 K/year for H-polarization over the global ocean and −0.004 K/year for V-polarization and −0.014 K/year for H-polarization over CS. The small variation over the global ocean is most likely due to uncertainty in the ancillary data, such as in SSS because its measurement is not from the ocean surface and does not, for example, include the effect of fresh water from precipitation. Note: The small peak-to-peak value in the first 3 months is due to the calibration coefficients being updated daily, while the calibration coefficients after July 7, 2015 remain constant.
B. TB Validation 1) TB Comparison Over Land Between Versions 3 and 4 and TB Inter-Comparison Between SMAP and SMOS:
The histogram of TB differences between version 4 and version 3 (v4 - v3) is shown in Fig. 13(a) . The two 'spikes' on the plot are the TB differences over ocean; the blue spike is for V-polarization with center at 0 K, while the green spike is for H-polarization and it is centered at about −0.7 K. This absolute value is larger than the absolute value of the ocean H-polarization bias (−0.65 K) because it is the TB difference instead of the TA difference. The bins between ∼2 and ∼5 K represent TB differences over land (including ice) at all latitudes. The TB difference versus time (daily averaged and then smoothed by using the sliding window of a month) over land is shown in Fig. 13(b) . The TB over land is larger in version 4 than in version 3, and this increment appears to have seasonal variation. Excluding the data during the eclipse season, the peak-to-peak seasonal variations are 0.22 and 0.19 K for V-and H-polarizations, respectively. During the eclipse season in 2016, the TB difference is larger. This is because the calibration drift (downward dip) experienced during the eclipse season in version 3 has been corrected in version 4. Excluding the land data at high latitude, the averaged TB difference over land versus the boundary latitude (absolute value) is shown in Fig. 13(c) . The TB difference over land at lower latitude is higher than at high latitude. This is reasonable because of the warmer land surface temperature at lower latitudes in general.
The SMAP TBs of version 3 have been compared to SMOS TB of version 620 in [9] , using only TB data within latitude [−40 40] degrees. In this range, the SMAP TBs over land in version 4 are larger by 3.5 and 4.0 K than in version 3 for Vand H-polarizations, respectively. The increase result in SMAP TB over land in version 4 that are 0.9 and 1.3 K larger than the SMOS TB over land of version 620 for V-and H-polarizations, respectively. 
2) TB Difference Between V-and H-Polarizations:
The Amazon forest has dense canopy and is treated as a hot blackbody calibration target [16] and [17] where the TB difference between V-and H-polarizations is expected to be small. The Amazon used for validation by the SMAP radiometer is the intersection (green in Fig. 14) of the regions used by the Aquarius radiometer and the Aquarius scatterometer. The Aquarius radiometer used a rectangular area [17] , while the Aquarius scatterometer used a polygon region with an area inside excluded [18] due to much lower vegetation cover (the white area in the center of the green area in Fig. 14) . The TB difference between V-and H-polarizations using the different masks gives different results. By using the Amazon masks of the SMAP radiometer and the Aquarius scatterometer, the results are almost the same, while the result using the Aquarius radiometer's Amazon mask is about 0.2 K higher than the others. This is most likely due to less canopy in the area enclosed by the red quadrilateral shown in Fig. 14. The TB difference between V-and H-polarizations is shown in Fig. 15 . The mean differences are 1.47 and 1.88 K for TA and TB, respectively. (The mean differences are 1.67 and 2.99 K for TA and TB, respectively, for version 3). A small seasonal signature is observed with standard deviation of 0.06 and 0.08 K in the TA and TB difference, respectively, between V-and Hpolarizations.
IV. CONCLUSION
The SMAP radiometer has been recalibrated for the L1B data product version 4 released in 2018. The reflector emissivity has been recalibrated after the reflector's temperature profile had been updated by using three independent approaches with consistent results. The reflector emissivity calibration is verified using the special CS observation over ocean on July 16, 2017 during eclipse (to get a large temperature swing) although the thermal model of the reflector temperature may be unrealistic during eclipse period.
The calibration coefficients (T ND , T ref , and the antenna gain) are concurrently calibrated using different types of CS observations and measurements over the global ocean after correction offsets to the modeled antenna temperatures of horizontal polarization based on nadir observations are applied. The analysis shows that the bias over CS and the calibration bias during eclipse seasons are removed. The residual calibration drift is better than 0.1 K (rms). The long-term calibration drifts are −0.023 K/year for V-polarization and 0.024 K/year for H-polarization over the global ocean and −0.004 K/year for V-polarization and −0.014 K/year for H-polarization over CS.
The difference in TB between the two polarizations measured over the Amazon is around 1.88 K with a small seasonal variation of ∼0.1 K. The comparison of TB over land within latitude ±40°between SMAP version 4 and SMOS version 620 shows that SMAP TB is 0.9 and 1.3 K higher for V-and H-polarizations, respectively.
APPENDIX DERIVATION OF (1)
The calibrated antenna temperature T A at the radiometer internal calibration plane is given by T A = C r T ND + T ref .
(A.1)
The definitions of the other parameters in the above equation are the same as these in (1) .
The internal calibration plane is different from the reference plane for the measured T A reported in the L1B_TB data file. The relation between them is given by In the case of the antenna, the correction δ G is defined to be a multiplicative scaling of the antenna gain in the form: (1 + δ G )G. The change in the expected antenna temperature due to this adjustment is given by (5): 
